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ATP binding site a7 Tagansnguil 8 éa fiuszansmnlumssudamsviauveaevley EGFR (ICs,
Tutd 1 - 23 nM) usiflanseyiugifis 6 MiudnsnnuduivsovadivadussduwaduziSmis
Ad31 uavaziGeUan A549 freen ICs Tuths 10 - 36 uM Fadunguansiinaulafiasianndeluiduen
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(Mwdange) Epidermal growth factor receptor (EGFR) overexpressed in many types of cancer
has been proved as a high potential target for cancer therapy. Currently, erlotinib, a potent
EGFR inhibitor, has been used as the first-line drug for cancer patients. However, acquired drug
resistance caused by the secondary mutation T790M of EGFR tyrosine kinase (TK) domain
develops inevitably after a median response duration of 9 to 13 months. Therefore, the
searching for promising compounds effectively targeting mutated EGFR-TK has become an
imperative necessity. In this present study, we aimed to study the source of drug resistance due
to the secondary mutation T790M and to search for the newly potent compounds against EGFR-
TK. From the results, such secondary mutation has caused the quinazoline ring, a core of
tyrosine kinase inhibitors (TKls), lower bindilng with EGFR with rather weak hydrogen bond
formation. The docking results of a novel series of sulfonylate indino quinoline derivatives (26
compounds) suggested that the 23 compounds can interact well with EGFR-TK at the ATP-
binding site. Among them, the 8 compounds exhibited the promising inhibitory activity against
EGFR-TK with ICsy values of 1-23 nM, while only 6 compounds showed a high cytotoxicity with
ICso values of 10-36 puM towards the A431 and A549 cancer cell lines. Therefore, these
compounds could be novel small molecule inhibitors of EGFR-TK capable of exerting benefit

for cancer treatment.
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Abstract: Epidermal grow th factor receptor (EGFR), overexp d in many types of cancer, has been
proved as a high potential target for targeted cancer therapy due to its role in regulating proliferation

and survival of cancer cells. In the present study, a series of designed vinyl sulfone derivatives was
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d against EGFR tyrosine kinase (EGFR-TK) using in silico and in vitro studies. The molecular
docking results suggested that, among 78 vinyl sulfones, there were eight compounds that could
interact well with the EGFR-TK at the ATP-binding site. Afterwards, these screened compounds were
tested for the inhibitory activity towards EGFR-TK using ADP-Glo™ kinase assay, and we found that
only VF16 compound exhibited p y activity against EGFR-TK with the ICq, value
of 7.85 + 0.88 nM. In addition, VF]6 shuwed a high cytotoxicity with ICs, values of 3352 + 2.57,
54.63 + 0.09, and 30.38 + 1.37 uM against the A431, A549, and H1975 cancer cell lines, respectively.
From 500-ns MD simulation, the structural stability of VF16 in complex with EGFR-TK was quite
stable, suggesting that this compound could be a novel small molecule inhibitor targeting EGFR-TK.

inhihi

Keywords: EGFR tyrosine kinase; vinyl sulfone derivatives; in silico study; kinase assay;
cytotoxicity assay

1. Introduction

Cancer is a devastating disease characterized by uncontrolled growth and spread of
abnormal cells and is the second leading cause of mortality worldwide [1]. Nowadays,
there are many types of cancer treatment such as chemotherapy, radiation therapy and
targeted therapy [2-4]. Targeted cancer therapy has become one of the highly effective
for cancer treatment due to its specificity towards cancer cells [5]. The overexpression of
epidermal growth factor receptor (EGFR) in cancer cells leads to abnormal signal transduc-
tion and is closely related to the occurrence of cancer. Therefore, it has become one of the
most important protein targets for designing and developing kinase inhibitors that act on
oncogenic EGFR [6].

Malecules 2021, 26, 2211, https:/ / doi.org/ 10.3390/ molecules26082211

https://www.mdpi.com/journal/ molecules
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Discovery of novel JAK2 and EGFR inhibitors from
a series of thiazole-based chalcone derivativest

Kamonpan Sanachai, i Thitinan Aiebchun,}? Panupong Mahalapbutr,}®
Supaphorn Seetaha,© Lueacha Tabtimmai,® Phornphimon Maitarad, @¢
lakovos Xenikakis,' Athina Geronikaki, @'

Kiattawee Choowongkomon @€ and Thanyada Rungrotmongkol @*22

The Janus kinase (JAK and epiderma growth factor receptor (EGFR) have been considered as potential
targets for cancer therapy due to their role in regulating prolferation and survival of cancer cells. In the
present study, the aromatic alkyl-amino analogs of thiazole-based chalcone were selected to
experimentally and theoretically investigate their mhbitory activity against JAK2 and EGFR proteins as well
as their anti-cancer effects on human cancer cell lines expressing JAK2 (TF1 and HEL) and EGFR (A549 and
A431). In vitro cytotoxicity screening results demorstrated that the HEL erythroleukemia cell ine was
susceptible to compounds 11 and 12, whereas the A431 lung cancer cell line was wlnerable to compound
25 However, TF1 and A549 cells were not sensitive to our thiazole derivatives. From kinase inhibition assay
results, compound 25 was found to be a dual inhibitor against JAK2 and EGFR. whereas compounds 11
and 12 selectively inhibited the JAK2 protein. According to the molecular docking analysis, compounds 11,
12 and 25 formed hydrogen bonds with the hinge region resdues Lys857, Leu932 and G930 and
hydrophobically came into contact with Leu983 at the cataytic site of JAK2, while compound 25 formed a
hydrogen bond with Met769 at the hinge region, Lys721 near a glycine loop, and AspB31 at the activation
loop of EGFR. Altogether, these potent thiazole derivatives, following Lipinski's rule of five, could likely be
developed as a promising JAK2/EGFR targeted drugls) for cancer therapy.

cause of cancer-related death globally.’ The known molecular
targets for treating these cancers are the Janus kinases (JAKs)

Cancer, a group of diseases characterized by uncontrolled
growth and spread of abnormal cells,! is the second leading
cause of mortality worldwide.” Among several types of cancer,

yeloproliferative and lung cancer are the leading
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and the epidermal growth factor receptor (EGFR), since they
play a major role in regulating proliferation and survival of
cancer cells.*

JAK, an intracellular yrosine kinase, is activated by the

cytokine(s) binding to its ptor, Iting in the i

of the d signal dh and activator of

transeription (STAT), which leads to its dimerization and
1 ion to the leus, p ing cell proliferation,

apoptosis and differentiation.® Among the four JAK family
members (JAK1, JAK2, JAK3 and TYK2),” JAK2 is a critical
moderator for hormone-like cytokines such as growth
L (GH), erythropoictin (EPO), thrombopoictin (TPO)
and cytokine receptor ligands involved in hematopoietic cell
levelop such as interleukin-3 (IL-3)." JAK2 consists of

seven homology regions (JH1 to JH7) and the catalytically
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active d in JH1 is | d at the carboxy , close
to the pseudo-kinase domain in JH2 The overexpression of
JAK2, especially the V617F variance in the JH2 domain, has
been shown to be related to myeloproliferative disorders (by
approximately 50% or more) such as polycythemia vera,

jal thrombocythemia and myelofibrosis,™'* indicating
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(mw1dengy)  Epidermal growth factor receptor (EGFR) overexpressed in many types of cancer
has been proved as a high potential target for cancer therapy. Currently, erlotinib, a potent
EGFR inhibitor, has been used as the first-line drug for cancer patients. However, acquired drug
resistance caused by the secondary mutation T790M of EGFR tyrosine kinase (TK) domain
develops inevitably after a median response duration of 9 to 13 months. Therefore, the
searching for promising compounds effectively targeting mutated EGFR-TK has become an
imperative necessity. In this present study, we aimed to study the source of drug resistance due
to the secondary mutation T790M and to search for the newly potent compounds against EGFR-
TK. From the results, such secondary mutation has caused the quinazoline ring, a core of
tyrosine kinase inhibitors (TKls), lower binding with EGFR with rather weak hydrogen bond
formation. The docking results of a novel series of sulfonylate indino quinoline derivatives (26
compounds) suggested that the 23 compounds can interact well with EGFR-TK at the ATP-
binding site. Among them, the 8 compounds exhibited the promising inhibitory activity against
EGFR-TK with 1Cso values of 1-23 nM, while only 6 compounds showed a high cytotoxicity with



ICso values of 10-36 UM towards the A431 and A549 cancer cell lines. Therefore, these
compounds could be novel small molecule inhibitors of EGFR-TK capable of exerting benefit

for cancer treatment.
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Abstract: Epidermal growth factor receptor (EGFR), overexpressed in many types of cancer, has been
proved as a high potential target for targeted cancer therapy due to its role in regulating proliferation
and survival of cancer cells. In the present study, a series of designed vinyl sulfone derivatives was
screened against EGFR tyrosine kinase (EGFR-TK) using in silico and in vitro studies. The molecular
docking results suggested that, among 78 vinyl sulfones, there were eight compounds that could
interact well with the EGFR-TK at the ATP-binding site. Afterwards, these screened compounds were
tested for the inhibitory activity towards EGER-TK using ADP-Glo™ kinase assay, and we found that
only VF16 compound exhibited promising inhibitory activity against EGFR-TK with the ICsy value
of 7.85 £ 0.88 nM. In addition, VF16 showed a high cytotoxicity with ICs values of 33.52 + 2.57,
54.63 + 0.09, and 30.38 =+ 1.37 uM against the A431, A549, and H1975 cancer cell lines, respectively.
From 500-ns MD simulation, the structural stability of VF16 in complex with EGFR-TK was quite
stable, suggesting that this compound could be a novel small molecule inhibitor targeting EGFR-TK.

Keywords: EGFR tyrosine kinase; vinyl sulfone derivatives; in silico study; kinase assay;
cytotoxicity assay

1. Introduction

Cancer is a devastating disease characterized by uncontrolled growth and spread of
abnormal cells and is the second leading cause of mortality worldwide [1]. Nowadays,
there are many types of cancer treatment such as chemotherapy, radiation therapy and
targeted therapy [2-4]. Targeted cancer therapy has become one of the highly effective
for cancer treatment due to its specificity towards cancer cells [5]. The overexpression of
epidermal growth factor receptor (EGFR) in cancer cells leads to abnormal signal transduc-
tion and is closely related to the occurrence of cancer. Therefore, it has become one of the
most important protein targets for designing and developing kinase inhibitors that act on
oncogenic EGFR [6].

Molecules 2021, 26, 2211. https:/ /doi.org/10.3390/ molecules26082211
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EGFR, a member of the ErbB family of receptor tyrosine kinases, plays important
role in cellular signaling pathways, e.g., mitogen-activated protein kinase (MAPK), phos-
phoinositide 3-kinase (PI3K)/Akt, and signal transducer and activator of transcription
(STAT) pathways that regulate key functions such as proliferation, survival, differentia-
tion, and apoptosis [7]. EGFR is composed of an extracellular receptor domain, a single
hydrophobic transmembrane region and an intracellular domain, which includes a juxta
membrane domain [8], a tyrosine kinase (TK) domain and a C-terminal tyrosine-rich re-
gion [9]. The activation of EGFR-mediated signaling pathways begins with EGF binding to
the extracellular domain, which activates the TK domain to phosphorylate at its C-terminal
tail, and ultimately, initiates downstream signaling pathways [10,11]. Accordingly, target-
ing EGFR protein has been suggested as a promising strategy for targeted cancer therapy,
since the EGFR is commonly overexpressed in many human cancers, including non-small
cell lung, head, breast, bladder and ovarian carcinoma [12,13]. Consequently, inhibition of
EGER leads to the inhibition of cancer cells.

The clinically available drugs used as a tyrosine kinase inhibitor of EGFR (EGFR-TKI)
such as erlotinib [14] and gefitinib [15]. The erlotinib is widely used in cancer patients
for its inhibitory activity against EGFR exon 19 deletions or the L858R mutation [16,17].
However, these drugs have several side effects such as anemia, balance impairment,
dizziness and headache. In addition, acquired drug resistance caused by the secondary
mutation T790M of EGER-TK domain develops inevitably after a median response dura-
tion of 9 to 13 months [18]. Therefore, the searching for promising compounds effectively
targeting mutated EGFR-TK has become an imperative necessity [19,20].

Vinyl sulfone (VF) is an organic compound, where its core structure is similar to that of
chalcones [21-24] (Figure 1). Previous study has shown that chalcone derivatives can inhibit
EGER activity with the ICsp value ranged from 10.3-15.4 pM [25]. Thus, we hypothesized
that VF derivatives can inhibit EGFR-TK activity in a manner similar to chalcones. In this
study, we aimed to find new potential anti-cancer agents against EGFR-TK. A series of
designed VF derivatives was initially screened by molecular docking technique. Subse-
quently, the kinase inhibition assay of the screened compounds against EGFR-TK was
studied. Then, the in vitro cytotoxicity assay towards EGFR expressing lung carcinoma cell
lines (A549 and A431) and T790M expressing lung cancer cell line (H1975) was conducted
using MTT assay. Finally, the molecular dynamics simulation and free energy calculation
were performed to investigate the structural and dynamics properties as well as the binding
efficiency of the most potent VF in complex with EGFR-TK.
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Figure 1. The chemical structures of VFs obtained from the previous study [21-24].

2. Results and Discussion
2.1. Molecular Docking

Initially, the 78 VFs (Figure 1) were investigated their binding mechanism using the
CDOCKER module of Accelry Discovery Studio 3.0. Each compound was separately
docked into the ATP-binding pocket of EGFR-TK complex. The interaction energy of
erlotinib is —45.49 kcal/mol, while the interaction energy of all studied compounds is
ranged from —43.47 to —21.61 kcal/mol. These results suggested that none of the vinyl
sulfone derivatives is stronger than erlotinib. So, we cut off the compounds using the
interaction energy lower than —37.5 kcal/mol, and we found eight VFs (VF15, VF16,
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VF29, VF37, VF41, VF52, VF69 and VE71) that showed lower interaction energies than the
others (Figure 2). These compounds can interact with important surrounding residues
in ATP-binding pocket of EGFR-TK via H-bonding, pi interactions and van der Waals
(vdW) forces (Figure 3). Interestingly, the sulfonate group of most compounds exhibited H-
bond formation at the hinge region residue M769 (Figure 3A-I) [26,27] similar to erlotinib.
The VF29, VF37, and VF41, which have nitro group as substituents, formed H-bond with
T830 residue at A loop. Moreover, the matched vdW contacts between all VFs and erlotinib
were as follows: (i) hinge region: T766, L768, P770, and G772 and (ii) A loop: K721, E731,
T830, and D831. These results suggested that these eight VFs might be the potent candidate
compounds acting against EGFR-TK.
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Figure 2. CDOCKER interaction energies of VFs and known drug erlotinib against EGFR-TK at ATP-binding site.
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Figure 3. 2D interactions of EGFR-TK in complex with erlotinib (A) and VFs (B-I).
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2.2. Drug-Likeness Prediction

Physical properties of the eight potent VFs were investigated in term of the drug-
likeness by considering their physicochemical properties, including molecular weight
(MW), the numbers of hydrogen bond donors (HBD) and acceptors (HBA), rotatable
bond (RB), polar surface area (PSA) and lipophilicity (LogP) using the SwissADME web
server [26]. The obtained results (Table 1) revealed that all VFs showed the acceptable
value following the criteria: (i) Mw < 500 Da, (ii) HBD < 5 and HBA < 10, (iii) RB < 10,
(iv) PSA < 140 A, and (v) LogP < 5 [27]. Therefore, these VFs could likely be developed as
promising novel EGFR-TK inhibitors.

Table 1. Predicted Lipinski’s rule of five for the vinyl sulfones and the known drug. HBD, hydrogen bond donor; HBA,
hydrogen bond accepter; PSA, polar surface area.

Compound

Lipinski‘s Rule of Five

Drug-Likeness

MW HBD HBA RB PSA LogP
(<500 Da) (<5) (<10) (<10) (<140 A) (<5)

Erlotinib 393.44 1 6 10 74.73 3.20 Yes
VF15 334.39 0 5 6 70.21 2.76 Yes
VF16 334.39 0 5 6 70.21 3.00 Yes
VF29 291.32 2 4 4 86.22 2.32 Yes
VF37 325.77 2 4 4 86.22 2.32 Yes
VF41 321.35 2 5 5 95.45 2.66 Yes
VE52 254.30 0 4 4 68.82 2.38 Yes
VF69 316.41 0 3 7 51.75 3.26 Yes
VE71 380.54 0 4 10 60.98 434 Yes

2.3. Inhibition of the EGFR-TK by Vinyl Sulfone Derivatives

Since the data shown above suggested that the eight VFs may be effective against
EGFR-TK, we then investigated the EGFR-TKI inhibitory activity of the eight potent VFs
and erlotinib at 1 M using ADP-Glo kinase assay (Figure 4A). Interestingly, we found
that VF16 showed the highest EGFR-TK inhibitory activity (98.91%), which was higher
than erlotinib (87.80%). Then, VF16 was selected to evaluate the half-maximal inhibitory
concentration (ICsg) values. As shown in Figure 4B, the ICsp against EGFR-TK of VF16 is
7.85 + 0.88 nM, which is significantly lower than the erlotinib (ICsp of 26.09 + 5.42 nM).
Additionally, the inhibitory activity of VF16 is greater than that of the chalcones that have
been previously reported to inhibit EGFR activity (ICsg ranked from 10.3 to 15.4 pM) [25].

In order to confirm the inhibition selectivity of VF16 towards EGFR-TK, we further
performed kinase inhibition assay of VF16 against JAK3 and HER2 protein kinases be-
cause both kinases are one of the most studied kinase families [28,29]. The obtained
results showed that VF16 showed very low inhibitory activity against JAK3 (ICsp of
158.45 £ 4.75 nM) and HER?2 (ICsq of 312.00 +£ 0.28 nM) (Figure S3) as compared to EGFR-
TK (ICsp of 7.85 + 0.88 nM), suggesting that VF16 was specific to EGFR-TK rather than
JAK3 and HER2.
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Figure 4. (A) Kinase inhibitory activity screening of VFs towards EGFR-TK at 1 pM. **** p < 0.0001
vs. erlotinib. (B) Kinase inhibitory activity of VFs towards EGFR-TK. Data are represented as means
+ SEM from triplicate independent experiments.

2.4. Cytotoxicity

The VF16 was selected to evaluate ICsy values against A549 and A431 cell lines
overexpressing wild-type EGFR (A549 and A431) and mutant EGFR human lung cancer
cell line (H1975) using MTT assay. The obtained results (Figure 5) revealed that the cytotoxic
activity of VF16 against A549 (ICsp of 54.63 + 0.09 uM) and A431 (ICsq of 33.52 + 2.57)
was similar to that of erlotinib (ICsy of 48.21 + 7.43 uM and 27.19 + 6.93 uM for A549
and A431, respectively). Note that VF16 inhibited the A431 cells better than A549 cells
because (i) the EGFR expression level found in A431 cells is dramatically higher than
that found in A549 [30] and (ii) A549 cells exhibits KRAS mutation, which constitutively
activates downstream MAPK signaling pathways, causing a compensatory mechanism [31].
In H1975 cells, the VF16 (ICs of 30.38 & 1.37 pM) was more susceptible than the erlotinib
(ICs0 0f 98.93 + 1.74 uM) by ~3 times. The lower susceptibility of erlotinib towards T790M
EGFR-expressing cells (H1975) compared to wild-type EGFR-expressing cells (A549 and
A431) is in good agreement with the previous studies [32-34]. Altogether, these findings
suggested that VF16 exhibited potent anti-lung cancer activity in all three lung cancer cell
lines, which could be developed as a novel anti-lung cancer agent.
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Figure 5. Cytotoxicity in three cancer cell lines (A549, A431, and H1975) after treated with various
concentrations of VF16 compared to the known drug erlotinib for 72 h. Data are represented as
means + SEM from triplicate independent experiments.

2.5. Molecular Dynamics Simulation

The structural stability of VF16 bound to the EGFR-TK domain was characterized
using RMSD calculation plotted along the simulation time, and the obtained results are
illustrated in Figure 6A. The RMSD values of VF16 were slightly fluctuated at the first
150 ns and then reached the equilibrium state after 250 ns with an average RMSD value
of ~0.5-2 A. In the case of whole protein and backbone of protein, the RMSD values were
slightly fluctuated at the first 100 ns then showed the stable values along the last stage of
MD simulation with an average RMSD value of ~2-3.5 A.

In addition, the MD trajectories of this system were selected for further analysis in
terms of: (i) the number of H-bond and (ii) number of contact atom within the 3.5 A sphere
of VF16, respectively. The number of intermolecular hydrogen bonds and intermolecular
contacts between VF16 and its surrounding residues was computed along 500 ns MD
simulation represented in Figure 6A. According to the results, we found that VF16 formed
two H-bonds with the M769 and C797, in which the C797 could form stronger H-bond
than the M769. In addition, we found ~10 intermolecular contacts steadily formed between
VF16 and EGFR-TK. These findings suggested that our simulation model was stable. In this
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work, the MD trajectories from 300 to 500 ns were thus extracted for further analysis in
terms of AGping values (kcal/mol) and key binding residues of VF16 against EGFR-TK.
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Figure 6. (A) All-atom RMSD, number of H-bonds, and number of contacts atom of VF16 in complex with EGFR-TK
plotted along the 500 ns MD simulation. (B) Binding orientation of VF16 inside the ATP-binding pocket of EGFR-TK.
The contributing residues involved in ligand binding are colored according to their AG,qgjque Values, where the highest to
lowest free energies are shaded from blue to red, respectively (H-bond interaction represented by black dash line) and
per-residue decomposition free energy of the VF16 complex with EGFR-TK.

2.6. Binding Affinity and Key Residues for VF16/EGFR-TK Complex

The free energy calculation based on MM-GBSA method was applied to predict the
binding affinity of VF16/EGFR-TK complex. We found that the AGy;,q of VF16 is almost
identical to the AGgyp (Table 2). To investigate the key residues of EGFR-TK for VF16
binding, the per-residue decomposition free energy (AGyesique) based on the MM-GBSA
method was applied on the 100 snapshots over the last 200 ns MD simulation. Note that
among residues 695-1018, only residues 695-900 are shown in Figure 6B, where the binding
orientation of VF16 inside the ATP-binding pocket of EGFR-TK is shown in Figure 6B.
The obtained results revealed that there were eight residues (L718, V726, G796, C797, D800,
R841, 1844, and D855) that were important for the binding of VF16. The binding residues
of VF16 observed in this work were also found as a major interaction in erlotinib/EGFR-TK
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complex (including L718, A743, L792, M793, G796, and 1.844) [35,36]. Figure 6B showed
binding orientation inside the ATP-binding pocket of VF16/EGFR-TK complex, and we
found that the -OCH3 moiety of VF16 strongly formed H-bond with C797 and weakly
formed H-bond with M769. This is in good agreement with the previous reports showing
that H-bond formation with M769 is the main interaction of erlotinib and gefitinib in
complex with wild-type EGFR and mutant EGFR [37-40].

Table 2. The MM-GBSA AGy;,g and its energy components (kcal/mol).

Energy Component AGyping (kcal/mol)
AE qw —38.99 £ 0.29
AEgle —12.95 £ 0.55
AGgas —51.94 + 0.68
AGgo1y 24.69 £+ 0.53
AGping —8.74 £ 0.32
AGExp iy —10.13 £ 0.88

4 Experimental binding free energies (AGgyp) was converted from the ICs value using the Cheng-Prusoff equation
of AGEXP = RTII\(IC50) [4]].

3. Materials and Methods
3.1. Interaction Energies between Vinyl Sulfone Derivatives and the ATP-Binding Site of
EGFR-TK by Molecular Docking Technique

The crystal structure of EGFR complexed with erlotinib (PDB ID: 1M17) [39] was
downloaded from Protein Data Bank (PDB). The 3D structure of the drug (erlotinib) was
obtained from the ZINC database, whilst the 3D structures of vinyl sulfone derivatives
were generated using the Gaussian 09 program. Note that the vinyl sulfone derivatives
were constructed according to their availability from previous study [21-24]. All the
ligands were optimized using the Gaussian 09 program (HF/6-31d) as per the standard
protocol [42—44]. The protonation state of all studied ligands was characterized using the
ChemAxon [45].

For system validation, the crystalized ligands were defined as a center in the active
site for redocking using CDOCKER programs and the results are shown in Supplementary
Figure S1. The docking protocols of EGER system was set as 15 A for sphere docking and
docked into the binding pocket with 100 independent runs. The binding between protein
and compounds/drug was visualized using the Accelrys Discovery Studio 3.0 (Accelrys
Inc., Cambridge, UK) and UCSF Chimera package [46].

3.2. Predicted Physicochemical Properties

Physicochemical features such as hydrogen bond donors, hydrogen bond acceptors
and drug-likeness play an important role in drug discovery and development [47]. Herein,
such properties of the potent compounds were calculated in comparison with known drugs
(erlotinib) using web-based applications SwissADME (www.swissadme.ch/) (accessed on
19 June 2020) [26].

3.3. Chemical Reagents and Cell Lines

The ADP-Glo™ Kinase Assay kit was purchased from Promega (Madison, WI,
USA). EGFR and HER2 was obtained from the previous report [48]. JAK3 (SRP0173)
were purchased from Sigma-Aldrich (Darmstadt, Germany). The series of vinyl sulfone
derivatives were kindly provided by Dr. Chutima Kuhakarn from Department of Chem-
istry and Center of Excellence for Innovation in Chemistry (PERCH-CIC), Faculty of
Science, Mahidol University [21-24]. Note that, due to limited amounts of vinyl sul-
fones obtained from previous study, we performed EGFR kinase and cytotoxicity as-
says as well as binding pattern study at the molecular level on only 78 vinyl sulfone
derivatives (Figure 1). The lung carcinoma A549 (ATCC CCL-185) and A431 (ATCC CRL-
1555) cell lines were purchased from the American Type Cell Culture Collection (ATCC,
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Manassas, VA, USA). The EGFR mutated human lung cancer cell line (H1975) was pro-
vided by Dr. Chanida Vinayanuwattikun from Department of Medicine, Chulalongkorn
University. Dulbecco’s modified Eagle’s medium (DMEM), RPMI-1640 medium, fetal
bovine serum (FBS), penicillin-streptomycin (Pen-Strep) and trypsin were purchased from
Life Technologies (California, USA). 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) and dimethyl sulfoxide (DMSO) were purchased from Sigma-Aldrich
(Darmstadt, Germany).

3.4. Inhibition of the EGFR-TK by Vinyl Sulfone Derivatives

The selected sulfone derivatives that had the interaction energy lower or equal than
erlotinib and physicochemical properties showed the acceptable value, were screened
for their ability to inhibit the tyrosine kinase activity of the EGFR using the ADP-Glo™
kinase assay as previously reported [25,49]. The first 8 uL of buffer (40 mM Tris-HCl
pH 7.5, 20 mM MgCly, and 0.1 mg/mL bovine serum albumin) was added to a 384-well
plate. Then, 5 pL of EGFR enzymes (1.25 ng/pL) and 2 uL of inhibitors were added,
followed by 10 pL of a mixture of 5 uM ATP and 2.5 uM poly(glu-tyr), and incubated for
1 h at room temperature. Next, 5 pL. of the ADP-Glo reagent was added and incubated
for 40 min, after that, 10 pL of kinase detection reagent was added and incubated at
room temperature for 30 min to convert the ADP to ATP. The ATP was then detected by
measuring the luminescence using a microplate reader (Infinite M200 microplate reader,
Tecan, Mannedorf, Switzerland). All assays were performed in triplicate. The relative
inhibition (%) of inhibitors were then calculated compared to the control with no inhibitor
as shown in Equation (1):

[(positive — negative) — (sample — negative)]

— . x 100 (1)
(positive — negative)

%Relative inhibition =

From this equation, the positive is the addition of the enzyme in the reaction, while
the negative is without the enzyme in the reaction.

3.5. Cell Cultures

The A549 and A431 cells were grown in complete DMEM medium supplemented
with 10% (v/v) FBS, 100 U/mL penicillin and 100 pg/mL streptomycin. All cells were
maintained at 37 °C in a 5% (v/v) COy, 95% (v/v) air humidified incubator while H1975
cells was grown in complete RPMI-1640 medium at 37 °C in a 5% (v/v) COy, 95% (v/v) air
humidified incubator.

3.6. Cytotoxicity in Cancer Cell Lines

The in vitro cytotoxicity activity of vinyl sulfone derivatives against the A549, A431
and H1975 cell lines were evaluated using the MTT assay. The first 100 pL of A549
(5000 cells/well), A431 (5000 cells/well) and H1975 (5000 cells/well) cells suspension was
seeded per well in a 96-well microplate and incubated at 37 °C overnight, cells were treated
with compounds and known drug (erlotinib) different concentration. Then, incubated for
72 h. Subsequently, the MTT solution (5 mg/mL) was added in A549, A431 and H1975
cells and incubated at 37 °C for 3 h. The medium was removed and 50 pL of DMSO was
added to each well to lyse the cells. Finally, the absorbance was measured at 570 nm using
a microplate reader (Infinite M200 microplate reader, Tecan, Mannedorf, Switzerland).

3.7. Molecular Dynamics Simulation

The starting crystal structure of EGFR-TK (PDB ID: 1M17) [39] was obtained from
Protein Data Bank (PDB). The 3D structure of vinyl sulfone derivatives and known drug
inhibitor (EGFR-TK) of EGFR-TK were generated and optimized HF/6-31G(d) method
implemented in the Gaussian09 software [42—44]. The protein-ligand complexes were
generated using the CDOCKER module accordance the standard protocol [50]. The docked
VFs/EGFR-TK complex with lowest interaction energy and binding pattern similar to
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the erlotinib (Figure S2) was selected as the initial structure for performing the Molecular
Dynamics Simulation studies. The electrostatic potential (ESP) charges were consequently
calculated with the same level of theory and were then fitted into restrained ESP (RESP)
charges using the ANTECHAMBER module of AMBER16 [44,51,52]. The FF14SB [53] and
GAFF [42,54] force fields were applied for protein and VF16, respectively. All missing
hydrogen atoms of protein and ligand were added using LEaP module and were then
minimized in order to remove the bad contacts. Each system was neutralized by the counter
jons and immersed in a TIP3P water [55] box that extended at least 13 A from the protein
surface. Afterward, the complexes were energy-minimized by 1500 interactions of steepest
descent (SD) and conjugated gradient (CG) methods using AMBER16 with the AMBER
ff14SB force field.

The simulations are carried out under periodic boundary condition with NPT en-
semble using a time step of 2 fs. The short-range cutoff for nonbonded interactions is
set as 10 A, whilst the Particle Mesh Ewald (PME) summation approach is applied to
treat long-range electrostatic interaction [56,57]. Temperature and pressure are controlled
by Berendsen weak coupling algorithm. The SHAKE algorithm is used to constrain all
covalent bonds involving hydrogen atoms [58]. The simulated models are then heated
up to 310 K for 100 ps and are continuously held at this temperature for another 100 ns
or until the simulations have reached equilibrium. Finally, the structural and dynamics
behaviors of each complex will be analyzed, including root mean square deviation (RMSD),
number of H-bonds between the ligand and EGFR-TK and number of contact atom via the
cpptraj module [59]. Besides, the MM-GBSA and AGbind, residue were calculated by the
MM-PBSA.py module [58,59].

3.8. Statistical Analysis

The data are represented as mean + standard error of mean (SEM). Differences
between groups were compared using one-way ANOVA, followed by Tukey’s test for
multiple comparisons. The differences in means were determined at the confidence level
p <0.05.

4. Conclusions

This work combined the computational and experiment techniques to identify new
EGEFR inhibitor based on vinyl sulfone derivatives. Eight vinyl sulfones from molecular
docking technique were tested the inhibitory activity against EGFR-TK and cell-based
assay in three cancer cell lines (A549, A431, and H1975 cell lines). The results showed that
VF16 can inhibit EGFR-TK activity better than the approved drug erlotinib and showed
higher cytotoxicity against A431 cell line than A549 cell line. Additionally, showed high
cytotoxicity against H1975 cell lines. From MD simulations, our simulation model of
VF16/EGEFR are stable. In addition, VF16 showed strongest H-bond with C797, and the
key residues responsible for VF16 binding were L718, V726, G796, C797, D800, R841, 1.844,
and D855, in which these binding residues were also found in a major interaction between
erlotinib and EGFR-TK. Thus, VF16 could be developed as a promising new anti-cancer
drug targeting EGFR-TK.

Supplementary Materials: Figure S1: Superimposition of ligands between X-ray structure and
CDOCKER docking, Figure S2: Binding pose between VF16 and known drug within EGFR-TK,
Figure S3: The IC50 curves of kinase inhibitory activity of VF16 against EGFR-TK, JAK3, and HER2.
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Introduction

Discovery of novel JAK2 and EGFR inhibitors from
a series of thiazole-based chalcone derivativest

Kamonpan Sanachai,1? Thitinan Aiebchun,}? Panupong Mahalapbutr, 1°
Supaphorn Seetaha,® Lueacha Tabtimmai,” Phornphimon Maitarad, ®¢
lakovos Xenikakis,” Athina Geronikaki, @'

Kiattawee Choowongkomon @€ and Thanyada Rungrotmongkol @ *29

The Janus kinase (JAK) and epidermal growth factor receptor (EGFR) have been considered as potential
targets for cancer therapy due to their role in regulating proliferation and survival of cancer cells. In the
present study, the aromatic alkyl-amino analogs of thiazole-based chalcone were selected to
experimentally and theoretically investigate their inhibitory activity against JAK2 and EGFR proteins as well
as their anti-cancer effects on human cancer cell lines expressing JAK2 (TF1 and HEL) and EGFR (A549 and
A431). In vitro cytotoxicity screening results demonstrated that the HEL erythroleukemia cell line was
susceptible to compounds 11 and 12, whereas the A431 lung cancer cell line was vulnerable to compound
25. However, TF1 and A549 cells were not sensitive to our thiazole derivatives. From kinase inhibition assay
results, compound 25 was found to be a dual inhibitor against JAK2 and EGFR, whereas compounds 11
and 12 selectively inhibited the JAK2 protein. According to the molecular docking analysis, compounds 11,
12 and 25 formed hydrogen bonds with the hinge region residues Lys857, Leu932 and Glu930 and
hydrophobically came into contact with Leu983 at the catalytic site of JAK2, while compound 25 formed a
hydrogen bond with Met769 at the hinge region, Lys721 near a glycine loop, and Asp831 at the activation
loop of EGFR. Altogether, these potent thiazole derivatives, following Lipinski's rule of five, could likely be
developed as a promising JAK2/EGFR targeted drug(s) for cancer therapy.

cause of cancer-related death globally.® The known molecular
targets for treating these cancers are the Janus kinases (JAKs)

Cancer, a group of diseases characterized by uncontrolled
growth and spread of abnormal cells,’ is the second leading
cause of mortality worldwide.” Among several types of cancer,
myeloproliferative neoplasms and lung cancer are the leading
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and the epidermal growth factor receptor (EGFR), since they
play a major role in regulating proliferation and survival of
cancer cells.*®

JAK, an intracellular tyrosine kinase, is activated by the
cytokine(s) binding to its receptor, resulting in the activation
of the downstream signal transducer and activator of
transcription (STAT), which leads to its dimerization and
translocation to the nucleus, promoting cell proliferation,
apoptosis and differentiation.® Among the four JAK family
members (JAK1, JAK2, JAK3 and TYK2),” JAK2 is a critical
moderator for hormone-like cytokines such as growth
hormone (GH), erythropoietin (EPO), thrombopoietin (TPO)
and cytokine receptor ligands involved in hematopoietic cell
development such as interleukin-3 (IL-3).® JAK2 consists of
seven homology regionsv (JH1 to JH7) and the catalytically
active domain in JH1 is located at the carboxy-terminus, close
to the pseudo-kinase domain in JH2. The overexpression of
JAK2, especially the V617F variance in the JH2 domain, has
been shown to be related to myeloproliferative disorders (by
approximately 50% or more) such as polycythemia vera,
essential thrombocythemia and myelofibrosis,”'’ indicating
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that JAK2 is an important target for the treatment of
myeloproliferative diseases.

EGFR, a member of the ErbB family of receptor tyrosine
kinases,'" is composed of an extracellular domain, a single
hydrophobic transmembrane region, an intracellular tyrosine
kinase (TK) domain,”” and a C-terminal tyrosine-rich
region.”® The EGFR signaling pathways are triggered by the
specific growth factors (such as EGF and TGFa) to the
extracellular domain, activating autophosphorylation and
subsequently initiating downstream signaling pathways,
responsible for cell proliferation, survival, differentiation and
apoptosis evasion.'™'"'*'> Importantly, more than 60% of
non-small cell lung cancer have been involved in the
overexpression of EGFR;'® therefore, targeting this protein is
an important strategy for lung cancer treatment. As shown in
Fig. 1A and B, the sequence identity and similarity of (i) the
overall structure and (ii) the conserved regions (catalytic loop,
hinge region, glycine-rich loop (G loop) and activation loop
(A loop)) between JAK2 and EGFR are 29% and 46% as well
as 54% and 71%, respectively.

To date, several JAK2 and EGFR inhibitors have been
reported such as lestaurtinib,'”” momelotinib,'® ~and
gandotinib'® for JAK2 as well as erlotinib®’ and gefitinib®* for
EGFR. Among them, ruxolitinib is widely used in clinical
treatment for bone marrow cancer (ICs, against JAK2 is 4.5
nM),**** while erlotinib has been the first-line drug for lung
cancer patients harboring wild-type EGFR (ICs, against EGFR
is 2.6 nM).>»*® However, these drugs have several side effects,
e.g,, anemia, balance impairment and dizziness.*®*’
Moreover, acquired drug resistances of ruxolitinib (V617F/
L983F) and erlotinib (T790M) have been detected after 1.5

Identity : 29%
Similarity: 46%

Identity : 54%
similarity: 71%

Fig. 1 (A) Superimposition between JAK2 (PDB ID: 3FUP) and EGFR
(PDB ID: 1M17) crystal structures. Tofacitinib (white) and erlotinib (dark
gray) are shown in a ball and stick model. The sequence alignment of
the four conserved regions: catalytic loop, hinge region, glycine loop
and activation loop, between JAK2 and EGFR is given in (B), in which
the sequence identity is shaded in magenta.

This journal is © The Royal Society of Chemistry 2021
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year treatment.”*** Accordingly, discovery of novel JAK2 and
EGFR inhibitors is critically needed.

Thiazoles are a class of heterocyclic compounds
containing sulfur and nitrogen atoms at positions 1 and 3,
respectively. Thiazole derivatives were reported to exert anti-
cancer activity against several types of cancer and were
identified as JAK2 and  EGFR inhibitors.*
Trifluoromethylphenyl thiazole amine inhibited the
proliferation of HMC-1.1 cells, which are hematopoietic
progenitors in the bone marrow, with an ICs, value of 138
nM.>> In addition, the 4,5-dimethyl thiazole analog
potentially inhibited JAK2 activity (ICs, = 2.5 nM) and the
JAX2 dependent cell line (SET-2; ICs, = 65 nM).** From
virtual screening against EGFR, the screened thiazole
analog, namely 2-(benzo[4,5]imidazo[2,1-b]thiazol-3-yl)-N-
(2hydroxyphenyl) acetamide, was found to be a potent EGFR
inhibitor (ICs, = 55 mM) by forming a hydrogen bond with
Met769 at the hinge region of EGFR-TK.** Even though
several thiazole derivatives have been reported to inhibit
JAK2 and EGFR, the aromatic alkyl-amino analogs of
thiazole (Fig. 2), possessing antibacterial and anti-cancer
activities,*” have not yet been studied in these two proteins.

Another interesting class is chalcones. Chalcones are open-
chain flavonoids, biosynthesized in a variety of plant species.*®
From a chemical point of view they are 1,3-diphenyl-2-propen-1-
ones, which consist of two aromatic rings linked by a three-
carbon o,B-unsaturated carbonyl system.*” Chalcone is a special
chemical template with wide range of biological activities,
among which are anti-cancer,”™® anti-inflammatory,***!
antioxidant,*>**  antimicrobial,*™** anti-tubercular,®® anti-
HIV,"”** antimalarial.*® Moreover, it was mentioned in the
literatures that chalcones can inhibit kinases essential for
tumor cell survival and proliferation such as EGFR,*>*' vascular
endothelial growth factor receptor-2 (VEGFR-2) and B-Raf
(BRAF) kinase.*>**

In this study, taking all mentioned above into account,
in vitro cytotoxicity screening towards erythroleukemia (TF1
and HEL cells expressing JAK2) and lung carcinoma (A549
and A431 cells expressing EGFR) of thiazole-based chalcones

Cpdit

HI(vO j{IlNO”

Cpdi12

oL
Sof T00

Ruxofitinib Erfotinib

Fig. 2 Chemical structures of (A) the aromatic alkyl-amino analogs of
thiazole obtained from a previous study** and (B) drugs.
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(Fig. 2) was performed. Subsequently, the kinase inhibitions
of the screened compounds towards both proteins were
characterized. Finally, the binding interactions at the atomic
level of potent compounds were analyzed using molecular
docking.

Results

Cytotoxicity

Initially, thiazole derivatives and known drugs (ruxolitinib
and erlotinib) at 10 uM were subjected to in vitro cytotoxicity
screening against TF1 and HEL cell lines expressing JAK2 as
well as against A549 and A431 cell lines expressing EGFR
(Fig. 3). The results revealed that the HEL erythroleukemia
cell line was susceptible to compounds 11 and 12, whereas
the A431 lung cancer cell line was vulnerable to compound
25. However, TF1 and A549 cells were not sensitive to our
thiazole-based chalcone derivatives. Therefore, only these
three thiazoles-based chalcones (compounds 11, 12 and 25)
were selected to evaluate their half maximal inhibitory
concentration (ICs,) values.

The 1Cs, values of thiazole-based chalcones and the
cancer cell
summarized in Table 1, whereas the IC;, curves of these
compounds are shown in Fig. S2.f The results revealed that
the cytotoxic effect on TF1 cells of compounds 11 (ICs, of
30.23 + 0.53 uM) and 12 (ICs, of 32.03 + 1.07 uM) was lower
than that of ruxolitinib (ICs, of 14.35 + 2.03 puM). On the
other hand, compounds 11 and 12 (IC5, of ~7-10 uM) were
more susceptible to HEL cells than ruxolitinib (ICs, of 18.62
+ 0.27 pM) by ~2-3 times. In the case of EGFR-expressing
cells, the anti-lung cancer potential of compound 25 (ICs, of
16.30 + 0.78 pM and 8.04 + 0.90 uM for A549 and A431,
respectively) was higher (~2-6 fold) than erlotinib used as a
reference drug (ICs, of 47.74 + 6.96 uM and 28.70 + 6.47 UM
for A549 and A431, respectively) in both cell lines. In
addition, we found that the IC;, value of the A431 cell line
treated with compound 10 (ICs, of 28.49 + 0.46 uM) is similar
to erlotinib (28.70 + 6.47 pM), while the ICs, value of the
A549 cell line treated with compound 10 (ICs, of 62.09 + 3.30
uM) is higher than erlotinib (47.74 + 6.96 uM). Altogether,
these focused thiazole-based chalcones were then subjected
to in vitro kinase inhibitory activity assay against the JAK2
and EGFR-TK proteins.

known drugs towards the four lines are
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Fig. 3 Cell viability of (A) TF1 and HEL and (B) A549 and A431 cell lines
treated with thiazole-based chalcones at 10 uM for 72 h. Data are
represented as means + SEM (n = 2). ** p < 0.01, *** p < 0.001 vs.
ruxolitinib and *# p < 0.01, *## p < 0.001 vs. erlotinib.
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Table 1 The ICsq value of thiazole-based chalcones 11, 12 and 25
towards TF1, HEL, A549 and A431 cancer cell lines

1Csy (PM)"
Compound TF1 HEL Vero
11 30.23 +0.53° 6.89 + 0.38° >100
12 32.03 + 1.07° 9.96 + 0.50° ND.
Ruxolitinib 14.35 + 2.03 18.06 + 2.62 >50
A549 A431

10 62.09 + 3.30 28.49 + 0.46 >100
25 16.30 + 0.78 8.04 + 0.90° >100
Erlotinib 47.74 + 6.96 28.70 + 6.47 >6

“ Data are shown as means = SEM (n = 3) and ND; not detected. * p
< 0.001 vs. ruxolitinib. © p < 0.05 vs. erlotinib.

In addition, the cytotoxicity to Vero cells, which are
normal Kkidney cells, of compounds 10, 11 and 25 was
investigated in comparison with the known drugs, ruxolitinib
and erlotinib (Table 1 and Fig. S37). It was found that potent
compounds 10, 11 and 25 showed an ICs, value of >100 pM,
which is higher than the drugs (>50 uM for ruxolitinib and
>6 UM for erlotinib), suggesting that compounds 10, 11 and
25 have a low toxicity against Vero cells. Note that due to the
limited amount of compound 12, its cytotoxicity towards Vero
cells was not performed.

Kinase inhibition

To further support that compounds 11, 12 and 25 can inhibit
the JAK2 and EGFR-TK proteins, the kinase inhibitory activity
assays were conducted in comparison to the known inhibitors
(ruxolitinib and erlotinib) at 1 uM (Fig. S47). As shown in
Fig. 4A, the kinase inhibitory activity against JAK2 of
compound 11 (IC5, of 20.32 + 2.07 nM), compound 12 (17.64 +
1.68 nM) and compound 25 (IC5, of 33.88 + 2.50 nM) was in
the range of that of ruxolitinib (IC5, of 18.06 + 2.62 nM). In the
case of EGFR-TK (Fig. 4B), only compound 25 (ICs, of 33.66 =+
2.61 nM) inhibited EGFR-TK activity in a manner similar to
erlotinib (ICs, of 28.46 + 3.09 nM), whereas compounds 11
(ICsq of 255.60 + 3.10 nM) and 12 (IC;, of 143.63 + 2.64 nM)
showed significantly lower inhibitory activity than erlotinib.

(A) Cpd 11 Cpd 12 Cpd 25 Ruxolitinib
1Ce = 20322207 oM ICpu=17.642168nM 1Cse=3388 2250 nM IC,=10.062262nM
- - . -
! I ! !
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(8)
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Fig. 4 Kinase inhibitory activity of thiazole-based chalcones towards
(A) JAK2 and (B) EGFR-TK. Data are represented as means + SEM of
three independent experiments.
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These results suggested that compound 25 is a dual inhibitor
against JAK2 and EGFR, whereas compounds 11 and 12 act as
a JAK2 inhibitor (Fig. S61).

Molecular docking

To investigate the binding mechanism of the focused thiazole
derivatives (compounds 11, 12 and 25) towards JAK2 and
EGFR-TK in comparison to the known drugs (ruxolitinib and
erlotinib), molecular docking was conducted. We found that
the fitness score of ruxolitinib in complex with JAK2 (62.13)
was higher than those of compounds 11 (56.44), 12 (51.76)
and compound 25 (53.57) (Fig. S5t). Similarly, the compound
25/EGFR-TK complex (30.68) gave a fitness score lower than
the erlotinib/EGFR complex (36.35).

The binding pattern and the underlying interactions of all
focused ligands are shown in Table S1;f and Fig. 5 and 6.
According to the JAK2 systems, the thiazole core of compounds
11 and 12 aligned well with the pyrrolopyrimidine ring of
ruxolitinib at the ATP-binding pocket (Fig. 5A). Moreover, the
nitrogen and hydrogen atoms on the thiazole ring of both
compounds formed two hydrogen bonds (H-bonds) with
Glu930 and Leu932 at the hinge region of JAK2 (Fig. 6A-C),
while compound 25 formed H-bonds with Lys858 and Leu932,
in a manner similar to ruxolitinib recognition.”® The thiazole
ring of compound 11 interacted with Leu855 and Gly856 at the
G loop via amide-pi stacking, while the thiophene group of
compound 12 and compound 25 bound to Gly856 through pi-
sigma interaction. Apart from H-bonds and pi interactions, van
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Fig. 5 (A and B) binding patterns of thiazole-based chalcones and
known drugs within JAK2 and EGFR-TK. (C and D) Hydrophobic and
hydrophilic surfaces of compound 12/JAK2 and compound 25/EGFR-
TK complexes. (E) Structural superimposition between JAK2 and EGFR-
TK, especially at the ATP-binding pocket.
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Fig. 6 2D interactions of JAK2 and EGFR-TK complexed with the
thiazole-based chalcones and the known drugs. (A-D) JAK2 complexed
with compounds 11, 12, 25 and ruxolitinib (E and F) EGFR-TK
complexed with compounds 25 and erlotinib.

der Waals (vdW) forces are also important for ligand binding
(Table S1t), and the overlapped vdW contacts between the
three thiazole-based chalcones and ruxolitinib were as follows:
(i) hinge region: Tyr 931, Pro933, Gly935 and Ser936, (ii) G loop:
Leu855, Lys857, Gly858, Ser862 and Val863 (pi-alkyl), (iii)
catalytic loop: Leu983 (pi-alkyl), Gly993 and (iv) other regions:
Ala880 near the G-loop (pi-alkyl) and Val911 near the hinge
region.

In the case of compound 25 complexed with EGFR-TK, its
thiazole core occupied the hinge region similar to
compounds 11, 12 and 25 complexed with JAK2 (Fig. 5A), and
overlapped with the quinazoline ring of erlotinib (Fig. 5B).
Interestingly, this thiazole analog shared H-bond formation
with erlotinib at the hinge region Met769
(Fig. 6D and E).*! In addition, the hydroxyl group of the
phenol ring of compound 25 could form a H-bond with other
residues, including Lys721 near the glycine loop. The
matched vdW contacts between compound 25 and EGFR-TK
were as follows: (i) hinge region: Thr766, GIn767, Leu768,
Pro770 and G772, (ii) G loop: Leu694 (pi-alkyl), Val702 and
Lys704, (iii) catalytic loop: L820 and (iv) other regions: near
the G loop (Ala719, Glu738, Met742 and Leu764) and near
the activation loop (Thr830).

We further investigated the size of the ligand-binding
pocket between JAK2 and EGFR by generating the protein

residue
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hydrophobic and hydrophilic surfaces around compounds 12
and 25 (Fig. 5C and D). The results showed that the ATP-
binding pocket of JAK2 was smaller than that of EGFR, since
the glycine loop of JAK2 was positioned closer to the hinge
region than EGFR (Fig. 5E).

Drug-likeness prediction

The potent thiazole-based chalcones against JAK2 and EGFR-
TK were further analyzed in terms of drug-likeness by assessing
their physicochemical properties (i.e., molecular weight (MW),
the numbers of hydrogen bond donors (HBD) and acceptors
(HBA), rotatable bond (RB), polar surface area (PSA) and LogP)
derived from Lipinski's rule of five (Table 2). The obtained
result revealed that compounds 11, 12 and 25 showed the
acceptable value within the criteria of the rules as follows: (i)
molecular weight <500 Da, (ii) hydrogen bond donors <5 and
hydrogen acceptors <10, (iii) rotatable bond <10, (iv) polar
surface area <140 A and (v) lipophilicity (expressed as LogP)
<5.% Therefore, these compounds could likely be developed as
promising novel JAK2 and EGFR-TK inhibitors,

Discussion

The thiazole-based chalcones have been previously reported
to exhibit antimicrobial and anti-tumor activities,*® and other
thiazole derivatives have shown anti-cancer activity against
several types of cancer and have been identified as JAK2 and
EGFR inhibitors. Therefore, we expected that thiazole-based
chalcones can inhibit JAK2 and EGFR-TK activity.
Considering the data from the in vitro cytotoxic activity of the
five thiazole-based chalcone  derivatives  against
erythroleukemia and lung cancer cell lines, we found that
compounds 11 and 12 were more susceptible to mutant
JAK2-expressing HEL cells rather than the wild-type JAK2-
expressing TF1, since the V617F point mutation in JAK2
maintains its open conformation at the activation loop,***’
resulting in higher ligand accommodation.’®** In the case of
EGFR-expressing cell lines, only compound 25 significantly
inhibited the A431 lung cancer cell line, whereas A549 cells
were not sensitive to all thiazole derivatives. In addition,
compound 10 showed cytotoxicity to A431 higher than A549.
This is because (i) the EGFR expression level found in A431
cells is dramatically higher than that found in A549°° and (ii)
A549 cells exhibits KRAS mutation, which constitutively
activates downstream MAPK signalling pathways, causing a
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compensatory mechanism.®' The cytotoxic effect on cancer
cell lines of these thiazole derivatives was due to their
inhibitory activity against JAK2 and EGFR-TK, in a manner
similar to the known inhibitors (Fig. 4). In addition, both
compounds 11 and 25 showed higher IC;5, than the known
drugs in normal kidney Vero cells, suggesting that these
thiazole derivatives could be safe for these normal cells,
which is consistent with a previous report showing that the
cytotoxic effect of thiazole-indenoquinoxaline on normal
human cells (W1-38, fibroblast) gave high ICs, (>107 pM).*?
Furthermore, compounds 11 and 12 showed kinase
inhibitory activity against JAK2 higher than EGFR, whereas
compound 25 inhibited both proteins at a similar level
(Fig. 4), indicating that compound 25 acts as a dual inhibitor,
and compounds 11 and 12 are JAK2 inhibitors. However, the
results from the cell-based assay were inconsistent with
kinase inhibition in which compounds 11 and 12 were potent
against JAK2-expressing cells, whereas compounds 25 showed
good inhibitory activity towards EGFR-expressing cells. This
is because cells have several factors involved in cell growth
inhibition such as cell permeability and compound
degradation within the cell.®® Therefore, compounds with
good inhibitory activity from both kinase inhibition and cell-
based inhibition were selected to study the binding patterns
at the atomic level.

Although the fitness score of compounds 11 and 12 in
complex with JAK2 as well as compound 25 in complex with
EGFR was lower than that of the known inhibitors, their
ligand-protein interactions are similar. It has been reported
that the pyrrolopyrimidine moiety of ruxolitinib forms
H-bonds with Glu930 and Leu932 of JAK2.5*"*® In agreement
with this evidence, the thiazole core of compounds 11 and 12
interacted with Glu930 and Leu932 residues at the hinge
region of JAK2 via hydrogen bonding. The noncovalent pi-
alkyl interaction is one of the most important contributions
to protein-ligand complexation,” and the glycine loop
residues Ala880, Val863 and Leu855 as well as the catalytic
residues Leu983 of JAK2 were found to stabilize both
thiazoles through pi-alkyl interaction, in correspondence
with the reported ATP binding to JAK2, showing that its
adenine and ribose moiety are embedded in pockets
stabilized by hydrophobic interactions.®! The thiazole core of
compound 25 points into the hinge region, which is a
hydrophobic pocket similar to compounds 11 and 12 within
JAK2, while its polar phenol group embedded between the

Table 2 Predicted Lipinski's rule of five for the thiazole-based chalcones and the known drugs. HBD, hydrogen bond donor; HBA, hydrogen bond

accepter; PSA, polar surface area

Lipinski's rule of five

Compound MW (<500 Da) HBD (<5) HBA (<10) Rotatable bond (<10) PSA (<140 A) Log P (<5) Drug-likeness
11 265.35 1 3 4 111.36 2.47 Yes
12 264.37 1 2 4 98.47 3.08 Yes
25 274.34 2 3 4 90.46 2.65 Yes
Ruxolitinib 306.37 1 4 4 83.18 2.40 Yes
Erlotinib 393.44 1 6 10 74.73 3.20 Yes
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glycine loop and catalytic loop, which are hydrophilic regions
(e.g. Asp831 and Lys721).°® It has been reported that the
p-OH group on the phenyl ring of thiazole derivatives can
increase the anti-cancer potential.*® In accordance with this
evidence, the p-OH group of compound 25 forms H-bonds
with Lys721 near the glycine loop and Asp831 at the
activation loop, resulting in higher anti-lung cancer activity
than the other analogs (Fig. 3B).

The hinge, deep in the ATP pocket, is an important region
called the ‘gatekeeper’, which controls the access to the
‘back-pocket’ of the kinase.”” The ATP-binding pocket of
EGFR was quite larger than that of JAK2; therefore,
compound 25 is suitable for EGFR because its phenol moiety
at the R, position is bulkier than the thiazole/thiophene ring
of compounds 11 and 12. This explains why the same series
of thiazole derivatives could bind to the different target
proteins. Numerous FDA approved drugs consist of a
nitrogen-based heterocyclic moiety (e.g., pyrrolopyrimidine
for JAK2 inhibitors and quinazolinamine rings for EGFR-TK
inhibitors) similar to the adenosine ring of the ATP substrate,
which occupies the hydrophobic pocket and forms H-bonds
with the hinge region.®”' Therefore, the aromatic alkyl-
amino analogs of thiazole-based chalcones in this study
could be used as an ATP-competitive inhibitors against JAK2
and EGFR, since they contain the nitrogen-based heterocyclic
ring similar to that of ATP and the known kinase inhibitors.
Furthermore, all of the potent compounds showed good
drug-like physicochemical properties, suggesting that these
three thiazole-based chalcones could likely be developed as
novel anti-cancer drugs.

Conclusions

In this study, we combined experimental and computational
studies to identify novel JAK2 and EGFR inhibitors. In vitro
cytotoxicity screening results showed that the HEL
erythroleukemia cell line was susceptible to compounds 11
and 12, whereas the A431 lung cancer cell line was vulnerable
to compound 25. The cytotoxic effect on cancer cell lines of
these thiazole-based chalcone derivatives was due to their
inhibitory activity against JAK2 and EGFR-TK. From binding
interaction analysis, it was found that compounds 11 and 12
formed H-bonds with Leu932 and Glu930 and
hydrophobically came into contact with Leu983 at the
catalytic site of JAK2, whereas compound 25 formed
hydrogen bonds within the ATP-binding pocket of EGFR at
Met769 (hinge region), Lys721 (near glycine loop) and Asp831
(activation loop). The bulkiness of the phenol moiety at the
R, position of compound 25 led to the higher selectivity
toward EGFR-TK than compounds 11 and 12. All of the
potent thiazole derivatives followed Lipinski's rule of five.
Altogether, our study successfully identified novel JAK2 and
EGFR inhibitors from the aromatic alkyl-amino analogs of
thiazole, which can be used as promising starting points for
subsequent drug discovery programs against erythroleukemia
and lung cancer.
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Materials and methods

Cell lines and chemical reagents

The human erythroleukemia HEL 92.1.7 (ATCC TIB-180) and
TF1 (ATCC CRL-2003), and lung carcinoma A549 (ATCC CCL-
185) and A431 (ATCC CRL-1555) cell lines, and monkey
(Cercopithecus aethiops) kidney Vero cell line (ATCC CCL-81)
were purchased from the American Type Cell Culture
Collection (ATCC, Manassas, VA, USA). Roswell Park
Memorial Institute (RPMI), Dulbecco's modified Eagle's
medium (DMEM), fetal bovine serum (FBS), penicillin-
streptomycin (Pen-Strep), granulocyte-macrophage colony-
stimulating factor (GM-CSF) and trypsin were purchased from
Life Technologies (California, USA). 3-(4,5-Dimethylthiazol-2-
yl)-2,5-diphenyltetrazolium  bromide  (MTT), dimethyl
sulfoxide (DMSO) and JAK2 (SRP0171) were purchased from
Sigma-Aldrich (Darmstadt, Germany). PrestoBlue™ cell
viability reagent was purchased from Thermo Fisher
Scientific (Waltham, MA, USA). The ADP-Glo™ kinase assay
kit was purchased from Promega (Wisconsin, USA). Poly (glu-
tyr) peptide (P61-58) was purchased from SignalChem Biotech
(Canada). EGFR-TK was obtained from a previous report.”* A
series of thiazole compounds were kindly provided by Dr.
Athina Geronikaki from the Aristotle University of
Thessaloniki.** Note that due to limited amounts of thiazole-
based chalcones obtained from a previous study,* we
performed JAK2 and EGFR kinase and cytotoxicity assays as
well as a binding pattern study at the molecular level on only
five thiazole derivatives (Fig. 2 and ESI{ section 7).

Cell cultures

The TF1 cells were grown in complete RPMI-1640 medium
supplemented with 10% (v/v) FBS, 100 U mL™" penicillin, 100
pg mL™" streptomycin and 2 ng ml™ GM-CSF. The HEL cells
were grown in complete RPMI-1640 medium supplemented
with 10% (v/v) FBS, 100 U mL™" penicillin and 100 pg mL™
streptomycin. The A549, A431 and Vero cells were grown in
complete DMEM medium supplemented with 10% (v/v) FBS,
100 U mL™ penicillin and 100 pg mL™ streptomycin. All cells
were maintained at 37 °C in a 5% (v/v) CO,, 95% (v/v) air
humidified incubator.

Cytotoxicity in cancer cell lines

The in vitro cytotoxicity activity of thiazole derivatives against
the TF1 and HEL cells, which are suspension cells, was
assessed using the Presto Blue assay, while A549 and A431
cell lines, which are adherent cells, were evaluated using the
MTT assay. For preliminary screening, 100 uL of TF1 (50000
cells per well), HEL (25000 cells per well), A549 (5000 cells
per well) and A431 (5000 cells per well) cell suspension was
seeded per well in a 96-well microplate and incubated at 37
°C overnight, and the cells were treated with compounds and
known drugs (ruxolitinib and erlotinib) at 10 uM. Then,
incubated for 72 h. Subsequently, 10 pL of Presto Blue
reagent was added in TF1 and HEL cells and incubated at 37
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°C for 1 h. The absorbance of the resorufin product was
measured. The MTT solution (5 mg mL™") was added into
A549 and A431 cells and incubated at 37 °C for 3 h. The
medium was removed, and 50 pL of DMSO was added to
each well to lyse the cells and solubilized the formazan
crystals. Finally, the absorbance was measured at 570 nm
using a microplate reader (Infinite M200 microplate reader,
Tecan, Minnedorf, Switzerland). Each experiment was
performed in duplicate, After screening, the compounds
displaying a percentage of cell viability at 10 uM <50 were
selected to determine their ICs, value.

In addition, the cytotoxicity of the thiazole derivatives
against normal Vero cells (2000 cells per well) was also
investigated using the MTT assay.

Kinase inhibition of JAK2 and EGFR-TK

The tyrosine kinase inhibitory activity of JAK2 and EGFR-TK
was performed using the ADP-Glo™ kinase assay as
previously reported.””* The first 8 pL of buffer (40 mM Tris~
HCl pH 7.5, 20 mM MgCl, and 0.1 mg mL™ bovine serum
albumin) was added to a 384-well plate. Then, 5 pL of
enzymes (2.5 ng uL™' for JAK2 and 1.25 ng pL " for EGFR)
and 2 pL of inhibitors were added, followed by 10 pL of a
mixture of 5 pM ATP and 2.5 uM poly{glu-tyr), and incubated
for 1 h at room temperature. Next, 5 uL of the ADP-Glo
reagent was added and incubated for 40 min. After that, 10
uL of kinase detection reagent was added and incubated at
room temperature for 30 min to convert ADP to ATP. ATP was
then detected by measuring the luminescence using a
microplate reader (Infinite M200 microplate reader, Tecan,
Minnedorf, Switzerland). All assays were performed in
triplicate. The relative inhibition (%) of inhibitors was then
calculated and compared to the control with no inhibitor as
shown in eqn (1);

% Relative inhibition (1)

__ [(positive - negative) — (sample — negative)] L
B (positive — negative)

Statistical analysis

The data are represented as mean + standard error of the
mean (SEM). Differences between groups were compared
using one-way ANOVA, followed by Tukey's test for multiple
comparisons. An independent (-test was used for comparison
differences between pairing values, The differences in means
were determined at the confidence level P < 0.05.

Molecular docking

The crystal structures of JAK2 complexed with tofacitinib
(PDB ID: 3FUP)”* and EGFR complexed with erlotinib (PDB
ID: 1M17)"" were downloaded from the Protein Data Bank.
These structures were chosen because both of them were
crystalized with the known drugs. The missing residues of
JAK2 (residues 920-923) were built using the SWISS-MODEL
server.”! The 3D structure of the drugs (ruxolitinib and
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erlotinib) were obtained from the ZINC database, whilst the
3D structure of compounds 11, 12 and 25 were generated
using the Gaussian 09 program. All the ligands were
optimized using the Gaussian 09 program (HF/6-31d) as per
the standard protocol.””” The protonation state of all
studied ligands was characterized using the ChemAxon.”®

For system validation, the crystalized ligands were defined
as a center in the active site for redocking using GOLD
programs which are based on genetic algorithm (GA),”® and
the results are shown in ESI Fig. S1.t The docking protocols
were as follows: (i) the JAK2 system was set as 12 A for sphere
docking and GOLD score and ChemScore (rescore) for the
scoring function; (ii) the EGFR system was set as 15 A for
sphere docking and ChemScore for the scoring function. All
systems were used as 100 docking poses. The binding
between proteins and compounds/drugs was visualized using
the UCSF Chimera package®” and Accelrys Discovery Studio
2.5 (Accelrys Inc.).

Physicochemical predictions

Physicochemical features such as hydrogen bond donors,
hydrogen bond acceptors and drug-likeness play an
important role in drug discovery and development.®! Herein,
such properties of the potent compounds 11, 12 and 25 were
calculated in comparison with drugs (ruxolitinib and
erlotinib) using web-based application SwissADME (www.
swissadme.ch/).*>
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Abstract

Tyrosine kinase (TK) domain of epidermal growth factor receptor (EGFR) is the
intracellular domain, which is phosphorylated by using ATP as the substrate when the receptor
is activated. The downstream signaling cascades, such as Ras/Raf/MAPK and PI3K/AKT
pathways, are subsequently stimulated. These pathways regulate cell growth and cell
proliferation. The secondary T790M point mutation in the EGFR TK domain co-occurred with
pre-existing L858R mutation causes drug resistance in cancer patients. Herein, all-atom
molecular dynamics (MD) simulations are employed to investigate the precise role of this
secondary mutation causing a high level of resistance to erlotinib. At the same time, principal
component analysis (PCA) is used to reveal the change in protein motion due to such mutation.
As a result, the secondary mutation has caused the disruption of the middle region, including
binding site formation. In the EGFR harboring the T790M/L858R mutation, the protruding of
the mutated residue M790 to the drug molecule leads to the quinazoline ring, a core of tyrosine
kinase inhibitors (TKIs), swaying out of the pocket concerted with N-lobe movement in the
similar direction. It resulted in a lower hydrogen bond interaction with the residue C797, the
hot spot position for an oncogenic mutation that overcomes the T790M-targeting EGFR
inhibitors (third-generation TKIs), and also a target position for covalently-linked drugs.
Therefore, the harboring secondary mutation cannot support the binding of incoming erlotinib
through affecting the ligand movement and its N-lobe. The overall data shows the molecular
mechanism of how erlotinib resistance associates with the development of T790M mutation in

patients.



Introduction

Chemotherapy is the most common treatment for cancers; however, its side effects
diminish the quality of the patient’s life!. Targeted therapy is introduced to decrease the side
effects of chemotherapy. Instead of killing rapidly-dividing cell likes chemotherapy, the
targeted therapy can inhibit specifically at the proteins found in cancer c¢11s or involved in
cancer cell growth. Hence, the side effects are lower than chemotherapy”. In non-small cell
lung cancer (NSCLC), the general protein for a targeted drug is the mutated epidermal growth
factor receptor (EGFR). EGFR is the transmembrane receptor that consists of three domains:
an extracellular ligand-binding domain, a single transmembrane domain, and an intracellular
tyrosine kinase domain®. After binding to its ligands (EGF and TGF-c)), EGFR can trigger three
main pathways: RAS/RAF/MAPK pathway, PI3K/AKT pathway, and JAK/STAT pathway*.
All of these pathways involve cell proliferation and apoptotic inhibition. EGFR mutation in the
tyrosine kinase (TK) domain causes the autoactivation of downstream pathways, ultimately
leading to an uncontrollable increase of the cell. TK domain can be divided into the N- and C-
terminal lobes. One of the most common mutations in this domain is L858R substitution, which
accounts for 41% in NSCLC?,

Erlotinib or Tarceva (trade name, Figure 1) is a tyrosine kinase inhibitor (TKI) used to
treat NSCLC. It binds at the hinge region between N-lobe and C-lobe of the TK domain. The
progression of cancer is inhibited in a period. After that, some patients develop drug resistance
against erlotinib. Many possible resistance mechanisms were proposed’. One of those is the
T790M secondary mutation, which is 50-85% reported in clinical reports after patients resisted
to tyrosine kinase inhibitors®!. This mutation occurs in exon 20 and locates at the drug-binding
pocket (Figure 1). The roles of this mutation in drug resistance were found to enhance ATP
binding and thought to be steric to the binding of TKIs since this 790 position is the

1

“gatekeeper”!!. However, the molecular mechanism of drug resistance due to the



T790M/L858R mutation, especially the dynamic behaviors and drug-protein interactions, was
not well described. Thus, we aim to investigate the source of erlotinib resistance caused by the
secondary mutation T790M in EGFR TK domain in active conformation relative to the wild
type and primary L858R mutation at atomic level. Herein, all-atom molecular dynamics (MD)
simulations together with principle component analysis (PCA) were used to gain insight about
structure and dynamics. Apo forms of wild type, L858R and T790M/L.858R strains were also
simulated in this study for comparison. Note that the drug-target binding affinity in several

EGFR TK mutants were previously studied by the in silico methods [refs].

a ) _ Glycine rich loop b)
=— C-helix
== Activation loop
N-lobe '
- <4+— erlotinib
C-lobe

Figure 1. (a) Complex structure of erlotinib binding to EGFR TK domain. (b) Chemical

structure of erlotinib where the atomic labels are shown for further discussion.

Results and Discussion

To monitor the stability of the system, the root-mean-square displacements (RMSDs)
of all atoms for complex, protein backbone, and erlotinib relative to those of the minimized
structure were computed throughout the MD simulations. RMSD plots of all systems are

provided in Figure 2. RMSD values of all complexes or proteins rapidly increase in the first



10 ns due to their initial steps of simulation, heating, and equilibration. It can be seen that after
120 ns, all systems have reached equilibrium. The fluctuation of wild type-erlotinib (WT-
Erlotinib) shows the reduction of RMSD values indicating a more stable structure after drug
binding. The other complexes, L858R and T790M/L858R, exhibit a similar pattern of RMSD
plot with those in apo forms but differ at its equilibrated values. Based on entire plots, the
trajectories from the last 80 ns are selected for further analyses in terms of 2D-RMSD, principal
component analysis (PCA), dynamic cross-correlation map (DCCM) and ligand-protein
hydrogen bonds to understand the source of drug resistance due to the introduction of the
secondary mutation T790M.
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Figure 2. Root-mean square displacement (RMSD) of all six systems: WT, L858R, and
T70M/L EGFR TK without and with erlotinib bound. Black, gray, and light gray represent

RMSDs of all atoms for protein (apo form) or complex (holo form), backbone, and erlotinib,



respectively. The dashed line indicates the selected period of equilibrated trajectories for

further analyses.

Pair-Wise Root Mean Square Displacement Matrix Analysis (2D-RMSD)

2D-RMSD is a useful method to investigate the overview of structural changes at a
specific time relative to any time point of the simulation. The 2D-RMSD results for all systems
are given and compared in Figure 3. Three to four blocks of blue color along the last 80 ns of
simulation in WT, L858R, and T790M/L858 suggest a decrease in structural differences. In
comparison with apo-wild type, both kinds of mutations in apo forms show a bigger cluster of
similar structures and maintain the structure at that stage longer than that of wild type. The
reduction of conformational changes is observed when the erlotinib binds to wild type. Similar
to those of apo form, T790M/L.858R complex has even lower conformational changes (bigger
deep blue blocks). In the L858R complex, blue blocks are similar in size with those of apo
form but differ by simulation time. The blocks were between 120 to 150 ns and 150 ns to 200
ns. Two blue blocks were shown in T790M/L858R, i.e., one is between 120 to 140 ns; another
one is between 140 to 200 ns. Thus, the binding of erlotinib induces stability in all strains with

different conformational clusters.
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Figure 3. Pair-wise root mean square displacement matrix (2D-RMSD) of all atoms for the six
systems: WT, L858R, T790M/L858R, WT-Erlotinib, L858R-Erlotinib, and T790M/L858R-
Erlotinib. Each point is the RMSD between two conformations at the same or different time
points of simulation. Different colors represent RMSD values. Blue is the lowest RMSD value,

0 A, while red is the highest RMSD value, 12 A.

Dynamics Cross-Correlation Map

To examine the correlation of motion between residues, the dynamic cross-correlation
matrix (DCCM) is computed over the selected 80 ns trajectories. The Cjj elements of matrix
vary from -1 to +1, -1 is entirely anti-correlated or opposite in the direction of motion, while
+1 is completely correlated or the same direction of motion. Different colors represent Cj;
values as heat maps in Figure 4. The diagonal line (red) is the result of the correlation of each

residue with itself. DCCM can give information of the correlation between residues over the



period, but the information of motion from DCCM cannot be visualized as a three-dimensional
picture like principal component analysis (PCA) does. The correlation of apo-wild type strain
of EGFR TK is divided into four regions, the residues 696-790, 791-860, 875-1000, and 1001-
1018, corresponding to N-lobe with juxtamembrane, the upper region of C-lobe, the lower
region of C-lobe and C-terminal region, respectively. The N-lobe moves similarly with the
upper and lower region of C-lobe, whereas almost the opposite manner to the C-terminus. The
correlation of L858R EGFR mutation is similar to that of wild type but with less positive
correlation among each region. The correlation block in T790M/L858R double mutation differs
from the other apo strains. The positive correlation block is found between the residues 750 to
860 in the middle region of EGFR (lower part of N-lobe, the hinge region, and upper part of
C-lobe). Thus, the primary mutation maintains the correlation as that of wild type with a higher
degree of independence among regions. In contrast, the secondary mutation promotes the
positive correlation in the middle region leading to the dependency between N-lobe and C-lobe
connected with the hinge regioﬁ. In other ways, the secondary mutation keeps the protein
regions to behave similarly by controlling the linker region. The binding of erlotinib likely
reduces the internal and external positive correlations among the four regions in wild type
compared to that of apo form. It also increases positive correlation inside the N-lobe of the
L858R strain to become stronger and more prominent, which is similar to that of apo-wild type.
Interestingly, the binding of erlotinib to T790M/L.858R mutant strain causes the disruption of
positive correlation in the middle region, as previously mentioned in the apo system. Hence,
the primary and secondary mutations induce the stronger and weaker correlations in the N-lobe
and upper part of C-lobe, respectively, after complexation with erlotinib. A similar effect was
observed in the previous study, which carried out in wild type and G719S EGFR TK?!. They
found that the stable core was the lower C-lobe region, as we found in the correlation map of

wild type and L858R strains. The N-lobe, mostly harboring the mutation hot spots, was



responsible for protein flexibility. Moreover, the oncogenic mutation stabilized the regions
around the binding site, including the hinge region, as we observed the correlation formation

in the middle region in the secondary mutation.
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Figure 4. Dynamic cross correlation map (DCCM) represents the correlation between residues
by defining Cj; value +1 as completely correlated (move in the same direction) and -1 as
perfectly anti-correlated (opposite direction). Colors are represented the Cjj values from -1 to

+1.

Principal Component Analysis
The principal component analysis (PCA) or essential dynamics is a powerful statistical

3233 in which a summation of all

tool to describe the dynamic motions of the structure
eigenvalues of each eigenvector in the system is equal to the total variance indicating the

fluctuation in the protein. Figure S2 in Supporting Information shows the total variance



values of each system. The binding of erlotinib in primary mutation does not reduce the total
variance, whereas it is decreased in both wild type and secondary mutation.

The scatter plots between the first and second principal components in Figure S, PC1
and PC2, reveal the different distributions of protein conformations deviating from the
averaged structure and its pattern. The zero value corresponds to the averaged structure.
Although all plots of apo forms were able to be classified into two to three clusters, the apo-
wild type showed the least darkness in each cluster. The conformations of apo-wild type were
distributed higher than those of others, suggesting that its structural states were varied. These
results are in agreement with those from 2D-RMSD in which multiple states of conformational
changes are less observed in both primary and secondary mutations, and no matter they are apo
or complexed form.

The first PCA mode (PC1) indicates the highest amplitude of protein motion. The PC1
direction (arrowhead) and its amplitude of motion (length of arrow) for all six systems are
depicted in Figure 6, together with the protein motion shaded by different colors. The
juxtamembrane and C-terminal are the most mobile region in all systems. N-lobe and C-lobe
of apo forms tend to move down in all strains with small amplitude except those of
T790M/L858R strain, which tends to move up. The binding of erlotinib results in the twisting
of N-lobe in wild type and T790M/L858R strain to the right side, but it slightly moves up in
the L858R strain. Moreover, the movement to the right side of the N-lobe in T790M/L858R
strain with higher amplitude than other complexes was found, indicating the lower stability
when erlotinib is bound. This region’s correlation is disrupted in DCCM analysis. Thus, the
secondary mutation causes the dynamic behavior of N-lobe to be more mobile and
disassociation of C-terminus from N-lobe, which resembles wild type strain. However, the
stability of the TK domain except for the end of C-terminus and juxtamembrane is in

agreement with the previous NMR study suggesting that the kinase domain was rather rigid>*.
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Motions of ligand, erlotinib, are depicted in Figure 7. Erlotinib bound to T790M/L858R sways
out of the binding pocket to the right-hand side with a higher amplitude compared to the other
strains. The quinazoline ring plays a vital role in this swaying. The mutated residue M790,
bigger than that of T790, still protrudes to the drug though it tended to move inside slightly.
Residue C797 in the secondary mutation moves in the almost opposite direction with the
quinazoline ring (discussed further in the hydrogen bonding section). In contrast, erlotinib is
less mobile in wild type and L858R strains. Thus, the secondary mutation T790M causes

erlotinib moving out of the binding pocket with a high amplitude of motion in concerted N-

lobe translocation.
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Figure 5. Scatter plot between the first (PC1) and second (PC2) principal components. Zero
value corresponds to the averaged structure. The deviation from the averaged structure

indicates how much each conformation in simulation differs from the average one when PC1

and PC2 are employed.
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High mobility
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Figure 6. The first principal component (PC1) of each system is demonstrated by arrows (green
color) and colors in the protein structure, where its percentage is given in the bracket. The
arrowhead indicates the direction of motion while its length reflects the amplitude. The big
black arrows show simplified N-lobes’ direction of motion, which arrow sizes reflect their
amplitudes of motion. The protein mobility is color-scaled by blue to red. Red color indicates

the region with high mobility, whereas blue color indicates low mobility.
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WT-Erlotinib L858R WT-Erlotinib T790M/L858R WT-Erlotinib

Figure 7. PC1 motion of the three critical residues of the EGFR TK domain, T790M, M793,
and C797, as well as erlotinib.

To investigate the difference of protein motion between the two systems, their sets of
trajectories are combined for PCA calculation. The PC1 of the combined trajectories from the
two considered systems, EGFR TK domain without and with erlotinib bound, is shown in
Figure 8. The region that exhibits the highest amplitude is focused. The difference of region
among all three strains of both apo and complexed forms is mainly the glycine-rich loop (G-
loop) and the linkage between N-lobe and C-helix. Apo strains barely differ at the C-lobe,
whereas the difference in the N-lobe of complexes is increased, suggesting that the binding of
erlotinib influences the motion of N-lobe. Noticeably, the difference between apo and
complexed forms of each strain is G-loop in wild type, the linkage between N-lobe and C-helix
in L858R, and G-loop in T790M/L858R. The linkage between N-lobe and C-helix in the
L858R strain is different from that of the T790M/L858R strain. Altogether, the protein motion

seems to mainly differ by its G-loop and also by the linkage between N-lobe and C-helix.
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Figure 8. The PCl of two combined trajectories for (a) apo systems (WT, L858R,
T790M/L858R) and complex systems (WT-Erlotinib, L.L858R-Erlotinib, and T790M/L858R-
Erlotinib), and (b) apo and complex systems in each strain. Blue and red colors indicate the
region with low and high differences in motion, respectively. The dashed line encloses critical

regions of the binding pocket showing different motions.

Hydrogen bonding between erlotinib and EGFR TK domain
To investigate the formation of hydrogen bonds between erlotinib and the residues in
the binding site of EGFR TK domain, the hydrogen bond occupation is calculated by using the

criteria: 1) the distance between hydrogen bond donor and acceptor is not over than 3.5 A, and
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2) the angle between hydrogen bond donor, hydrogen and hydrogen bond acceptor is larger
than 120°. The formation of intermolecular hydrogen bonds of erlotinib with its occupation is
drawn in Figure 9. In the wild type and L858R strains, erlotinib is stabilized by a strong
hydrogen bond with M793 and a weak hydrogen bond with C797. M793 is also found to form
hydrogen bonding with co-crystallized ligands and erlotinib analogs in both X-ray
crystallography and computation®>-¢, The secondary mutation has not only caused high
mobility of erlotinib in the binding site as mentioned above but also led to a reduction in drug-
residue C797 interaction, directly resulting in a low binding affinity of erlotinib*’-3¥, Moreover,
one of the strategies to overcome the drug resistance is to design the covalently-linked drug
with C797% residue, which is an oncogenic mutation hot spot in third-generation of anticancer

drug development*’

. Thus, the step of drug resistance development is the decrease of
interaction with C797 by causing the second-generation TKIs swaying out of the binding

pocket in secondary mutation, and then the C797 itself completely loses its interaction with the

T790M-targeting EGFR inhibitors (third-generation TKIs) by mutating to be S797.

WT-Erlotinib L858R-Erlotinib T790M/L858R-Erlotinib

Figure 9. Hydrogen bonding between erlotinib and the two residues of EGFR TK domain in
the three complexes represented using the last MD snapshot: WT-Erlotinib, L858R-Erlotinib,

and T790M/L858R-Erlotinib.
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Conclusions

In this study, we investigated the effect of secondary mutation T790M in the EGFR TK
domain (T790M/L858R), which highly caused the erlotinib resistance, by all-atom MD
simulations and principal component analysis (PCA). The DCCM results demonstrated that the
secondary mutation likely destroyed the stability of middle region formation when there was
incoming of erlotinib. From the PCA study, the protruding of T790M closely to the drug affects
its quinazoline ring, which is the core of TKIs inhibitor to sway out of the binding pocket and
consequently weakens the hydrogen bond interaction with the crucial residue C797. The ligand
motion was in the same direction as N-lobe. Besides, the twisting of N-lobe in wild type and
secondary mutation cannot be observed in the primary mutation. The structural and dynamic
changes due to the introduction of T790M in both the protein itself and the incoming drug
systems likely caused the binding affinity of the ligand/protein complex. All obtained data
could explain the primary source of erlotinib resistance in the patients who develop the T790M

mutation.

Methods
System Preparation

All initial systems were prepared from MODELLER 9v8 program!>'* and AMBER 16
package program'®, Homology models of apo-EGFR TK domain in wild type, L858R and
L858R/T790M strains, were constructed by using PDB entry code SEDP as template. Residues
M790, A865, A866 and A867 in homology model were changed back to be T790, E865, E866
and K867, respectively, using LEaP module of AMBER 16 program, while the residue M790
remained in homology model of L858R/T790M EGFR TK domain. L858R mutation model
was also prepared by LEaP module. All holo forms of EGFR TK domain in complex with

erlotinib were constructed by using 1M17.pdb as template. L858R and T790M/L858R
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mutations acquired from manual mutation. To mimic the intracellular domain of EGFR, the
juxtamembrane region and C-terminal region were also included in all models'®"”. The
coordinates of erlotinib in complex with those holo forms were obtained from the co-crystal
structure of EGFR TK domain with erlotinib bound (1M17.pdb). The template and erlotinib

coordinates for all systems were summarized in Table 1.

Table 1. Template and structural coordinates of erlotinib for all studied models.

System Template Coordinates of erlotinib
WT SEDP -
WT-Erlotinib IM17 1M17
L858R SEDP -
L858R-Erlotinib IM17 1M17
T790M/L858R SEDP -
T790M/L858R-Erlotinib IM17 1M17

The protonation state of possible charged residues (Asp, Glu, Lys, Arg and His) for all
models was assigned at pH 7.4 with PROPKA3.0'®. Missing hydrogen atoms were added by
the LeaP module in AMBER 16, which were then minimized with 1000 steps of steepest
descents (SD) and 2000 steps of conjugated gradient (CG). In order to neutralize the system,
chloride ions were randomly added. Finally, TIP3P water molecules were filled to construct
the system in solution with distance of 13 A from the protein surface. The AMBER ff14SB
force field'® and the generalized amber force field”® (GAFF) were used to treat for protein and
erlotinib, respectively. To obtain the partial atomic charges of erlotinib, the ligand coordinates

obtained from the crystallographic structure were optimized by the HF/6-31G* level of theory
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by Gaussian09?! in according to the standard procedures®>?*. Then electrostatic potential (ESP)
charges were fitted using the single point energy calculation at the same level of theory on the
optimized structure of ligand, which were finally converted to the restrained ESP (RESP)
charges using the antechamber module in AMBER 16. The minimization processes of each
system were divided into: 1) hydrogen and water minimizations under a restraint on the rest
atoms with weight of 10.0 kcal/mol?>-A2, 2) minimization under a restraint on the protein
backbone atoms with weight of 10.0, 5.0 and 1.0 kcal/mol*>-A?, respectively, and 3)
minimization on whole system. Each step of minimization consisted of 2500 steps of SD and

followed by 2500 steps of CG.

Molecular Dynamics Simulations

All systems were performed by all-atom MD simulation under periodic boundary
condition (PBC) by following our previous studies?>’. SHAKE algorithm was applied to
constrain all covalent bonds involving hydrogen atoms. A non-bonded cutoff of 12 A was used.
Long range electrostatic interactions were treated using particle mesh Ewald (PME). Each
system was heated to 310 K for 200 ps with harmonically restrained protein of 10.0 kcal/mol-
A?. Subsequently, NVT equilibration was performed for 200 ps. Then, 1 ns of NPT simulation
was performed with decreasing restraint weights on the protein position reduced from 10.0 to
5.0 kcal/mol-A2, respectively. After that, the restraint was removed and full MD simulation
was carried out until 200 ns by the PMEMD module in AMBER. All results were analyzed by

cpptraj module in AMBER 16.

Principal Component Analysis
In order to examine the motion of protein in each system, principal component analysis

(PCA) was applied on the 5000 frames from the last 100 ns. To perform PCA, the covariance
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matrix size of 3N X 3N is calculated (N is number of atoms) after removal of rotational and
translational motions. Then, the covariance matrix is diagonalized to provide eigenvectors
describing the dynamic motions of structure, and eigenvalues indicating how much each mode
contributes to the entire dynamics.

The probability distribution of the first principal component PC1 was divided into the
first 50 ns and the last 50 ns as shown in Figure S1 of supporting information. Bin interval
was set to 20. The frequency of population was counted when it fell in each bin (x) and was
then normalized to provide probability. Let p(x) and q(x) are probability distributions of the
last SO ns and the first 50 ns, respectively. Integral over p(x) and q(x) must be equal to 1, and
p(x) > 0 and q(x) > 0 are for any x. Not every x interval has the overlapping of probability
distribution between the first and last 50 ns; however, the percentage is higher than 55% (Table
S1 in supporting information). Kullback-Liebler divergence?® (Dk1) was then employed in
the combination with PCA to investigate the convergence between the two probability
distributions from the first and last 50 ns using the eq 1. If probability distribution p(x) is the
same with q(x), Dkv is equal to zero. In contrast, if Dxy. is high or reaches oo, it indicates that
two populations are different or diverged. It can be seen from the results in Table S1 of
supporting information that our simulations still showed the partial convergence between the

first and last 50 ns of simulation.

Dir(P()119()) = Teex P(x) In2 dx (M

Acknowledgement

This study was financially supported by the Ratchadaphiseksomphot Endowment Fund

(CU-GR_62 96 23 35), Chulalongkorn University (CU). P.C. thanks Development and

Promotion of Science and Technology Talents Project, and Institute for Molecular Science

19



International Internship Program in Asia (IMS-IIPA). The authors sincerely thank Prof. Saito

Shinji for valuable suggestions and comments. The Center of Excellence in Computational

Chemistry, CU, was acknowledged for facilities and computing resources.

References

1. Polanski, J.; Jankowska-Polanska, B.; Rosinczuk, J.; Chabowski, M.; Szymanska-
Chabowska, A., Quality of life of patients with lung cancer. Onco Targets Ther 2016, 9, 1023-
8.

2 Baudino, T. A., Targeted Cancer Therapy: The Next Generation of Cancer Treatment.
Curr Drug Discov Technol 2015, 12 (1), 3-20.

3. Songtawee, N.; Gleeson, M. P.; Choowongkomon, K., Computational study of EGFR
inhibition: molecular dynamics studies on the active and inactive protein conformations. J Mol
Model 2013, 19 (2), 497-509.

4. Normanno, N.; De Luca, A.; Bianco, C.; Strizzi, L.; Mancino, M.; Maiello, M. R.;
Carotenuto, A.; De Feo, G.; Caponigro, F.; Salomon, D. S., Epidermal growth factor receptor
(EGFR) signaling in cancer. Gene 2006, 366 (1), 2-16.

3, Tetsu, O.; Hangauer, M. J.; Phuchateon, J.; Eisele, D. W.; McCormick, F., Drug
Resistance to EGFR Inhibitors in Lung Cancer. Chemotherapy 2016, 61 (5), 223-35.

6. Wang, X.; Goldstein, D.; Crowe, P. J.; Yang, J. L., Next-generation EGFR/HER
tyrosine kinase inhibitors for the treatment of patients with non-small-cell lung cancer
harboring EGFR mutations: a review of the evidence. Onco Targets Ther 2016, 9, 5461-73.

& Huang, L.; Fu, L., Mechanisms of resistance to EGFR tyrosine kinase inhibitors. Acta
Pharm Sin B 2015, 5 (5), 390-401.

8. Pao, W.; Miller, V. A.; Politi, K. A.; Riely, G. J.; Somwar, R.; Zakowski, M. F.; Kris,
M. G.; Varmus, H., Acquired resistance of lung adenocarcinomas to gefitinib or erlotinib is
associated with a second mutation in the EGFR kinase domain. PLoS Med 2005, 2 (3), €73.

9. Onitsuka, T.; Uramoto, H.; Nose, N.; Takenoyama, M.; Hanagiri, T.; Sugio, K.;
Yasumoto, K., Acquired resistance to gefitinib: the contribution of mechanisms other than the
T790M, MET, and HGF status. Lung Cancer 2010, 68 (2), 198-203.

10. Costa, D. B.; Nguyen, K. S.; Cho, B. C.; Sequist, L. V.; Jackman, D. M.; Riely, G. J.;
Yeap, B. Y.; Halmos, B.; Kim, J. H.; Janne, P. A.; Huberman, M. S.; Pao, W.; Tenen, D. G.;
Kobayashi, S., Effects of erlotinib in EGFR mutated non-small cell lung cancers with resistance
to gefitinib. Clin Cancer Res 2008, 14 (21), 7060-7.

11. Yun, C. H.; Mengwasser, K. E.; Toms, A. V.; Woo, M. S.; Greulich, H.; Wong, K. K.;
Meyerson, M.; Eck, M. J., The T790M mutation in EGFR kinase causes drug resistance by
increasing the affinity for ATP. Proc Natl Acad Sci U S A 2008, 105 (6), 2070-5.

12, Webb, B.; Sali, A., Comparative Protein Structure Modeling Using MODELLER. Curr
Protoc Bioinformatics 2016, 54,5 6 1-5 6 37.

13. Sali, A.; Blundell, T. L., Comparative protein modelling by satisfaction of spatial
restraints. J Mol Biol 1993, 234 (3), 779-815.

14. Fiser, A.; Do, R. K.; Sali, A., Modeling of loops in protein structures. Protein Sci 2000,
9(9), 1753-73.

20



15. D.A. Case, R. M. B, D.S. Cerutti, T.E. Cheatham, III, T.A. Darden, R.E. Duke, T.J.
Giese, H. Gohlke, A.W. Goetz, N. Homeyer, S. Izadi, P. Janowski, J. Kaus, A. Kovalenko, T.S.
Lee, S. LeGrand, P. Li, C. Lin, T. Luchko, R. Luo, B. Madej, D. Mermelstein, K.M. Merz, G.
Monard, H. Nguyen, H.T. Nguyen, I. Omelyan, A. Onufriev, D.R. Roe, A. Roitberg, C. Sagui,
C.L. Simmerling, W.M. Botello-Smith, J. Swails, R.C. Walker, J. Wang, R.M. Wolf, X. Wu,
L. Xiao and P.A. Kollman AMBER 2016, University of California San Francisco, 2016.

16. Jura, N.; Zhang, X.; Endres, N. F.; Seeliger, M. A.; Schindler, T.; Kuriyan, J., Catalytic
control in the EGF receptor and its connection to general kinase regulatory mechanisms. Mo/
Cell 2011, 42 (1), 9-22.

17, Arkhipov, A.; Shan, Y.; Das, R.; Endres, N. F.; Eastwood, M. P.; Wemmer, D. E.;
Kuriyan, J.; Shaw, D. E., Architecture and membrane interactions of the EGF receptor. Cell
2013, /52 (3), 557-69.

18. Dolinsky, T. J.; Nielsen, J. E.; McCammon, J. A.; Baker, N. A., PDB2PQR: an
automated pipeline for the setup of Poisson-Boltzmann electrostatics calculations. Nucleic
Acids Res 2004, 32 (Web Server issue), W665-7.

19. Maier, J. A.; Martinez, C.; Kasavajhala, K.; Wickstrom, L.; Hauser, K. E.; Simmerling,
C., ff14SB: Improving the Accuracy of Protein Side Chain and Backbone Parameters from
ff99SB. J Chem Theory Comput 2015, 11 (8), 3696-713.

20. Wang, J.; Wolf, R. M.; Caldwell, J. W.; Kollman, P. A.; Case, D. A., Development and
testing of a general amber force field. J Comput Chem 2004, 25 (9), 1157-74.

21. M. J. Frisch, G. W. T., H. B. Schlegel, G. E. Scuseria, M. A. Robb, J. R. Cheeseman,
G. Scalmani, V. Barone, G. A. Petersson, H. Nakatsuji, X. Li, M. Caricato, A. Marenich, J.
Bloino, B. G. Janesko, R. Gomperts, B. Mennucci, H. P. Hratchian, J. V. Ortiz, A. F. Izmaylov,
J. L. Sonnenberg, D. Williams-Young, F. Ding, F. Lipparini, F. Egidi, J. Goings, B. Peng, A.
Petrone, T. Henderson, D. Ranasinghe, V. G. Zakrzewski, J. Gao, N. Rega, G. Zheng, W.
Liang, M. Hada, M. Ehara, K. Toyota, R. Fukuda, J. Hasegawa, M. Ishida, T. Nakajima, Y.
Honda, O. Kitao, H. Nakai, T. Vreven, K. Throssell, J. A. Montgomery, Jr., J. E. Peralta, F.
Ogliaro, M. Bearpark, J. J. Heyd, E. Brothers, K. N. Kudin, V. N. Staroverov, T. Keith, R.
Kobayashi, J. Normand, K. Raghavachari, A. Rendell, J. C. Burant, S. S. Iyengar, J. Tomasi,
M. Cossi, J. M. Millam, M. Klene, C. Adamo, R. Cammi, J. W. Ochterski, R. L. Martin, K.
Morokuma, O. Farkas, J. B. Foresman, and D. J. Fox Gaussian 09, Gaussian, Inc: Wallingford
CT, USA, 2016.

22.  Meeprasert, A.; Hannongbua, S.; Rungrotmongkol, T., Key binding and susceptibility
of NS3/4A serine protease inhibitors against hepatitis C virus. J Chem Inf Model 2014, 54 (4),
1208-17.

23. Meeprasert, A.; Khuntawee, W.; Kamlungsua, K.; Nunthaboot, N.; Rungrotmongkol,
T.; Hannongbua, S., Binding pattern of the long acting neuraminidase inhibitor laninamivir
towards influenza A subtypes H5N1 and pandemic HINT1. J Mol Graph Model 2012, 38, 148-
54.

24, Sangpheak, W.; Khuntawee, W.; Wolschann, P.; Pongsawasdi, P.; Rungrotmongkol,
T., Enhanced stability of a naringenin/2,6-dimethyl beta-cyclodextrin inclusion complex:
molecular dynamics and free energy calculations based on MM- and QM-PBSA/GBSA. J Mol
Graph Model 2014, 50, 10-5.

25. Kaiyawet, N.; Rungrotmongkol, T.; Hannongbua, S., Effect of halogen substitutions on
dUMP to stability of thymidylate synthase/dUMP/mTHF ternary complex using molecular
dynamics simulation. J Chem Inf Model 2013, 53 (6), 1315-23.

26. Rungnim, C.; Arsawang, U.; Rungrotmongkol, T.; Hannongbua, S., Molecular
dynamics properties of varying amounts of the anticancer drug gemcitabine inside an open-
ended single-walled carbon nanotube. Chemical Physics Letters 2012, 550 (Supplement C),
99-103.

21



27. Khuntawee, W.; Rungrotmongkol, T.; Hannongbua, S., Molecular dynamic behavior
and binding affinity of flavonoid analogues to the cyclin dependent kinase 6/cyclin D complex.
J Chem Inf Model 2012, 52 (1), 76-83.

28. Kullback, S., and R. A. Leibler, On Information and Sufficiency. The Annals of
Mathematical Statistics 1951, 22 (1), 79-86.

29. Kaus, J. W.; Pierce, L. T.; Walker, R. C.; McCammont, J. A., Improving the Efficiency
of Free Energy Calculations in the Amber Molecular Dynamics Package. J Chem Theory
Comput 2013, 9 (9).

30. Steinbrecher, T.; Joung, 1.; Case, D. A., Soft-core potentials in thermodynamic
integration: comparing one- and two-step transformations. J Comput Chem 2011, 32 (15),
3253-63.

31. Paladino, A.; Morra, G.; Colombo, G., Structural Stability and Flexibility Direct the
Selection of Activating Mutations in Epidermal Growth Factor Receptor Kinase. J Chem Inf
Model 2015, 55 (7), 1377-87.

32.  David, C. C.; Jacobs, D. J., Principal component analysis: a method for determining the
essential dynamics of proteins. Methods Mol Biol 2014, 1084, 193-226.

33. Mahalapbutr, P.; Chusuth, P.; Kungwan, N.; Chavasiri, W.; Wolschann, P.;
Rungrotmongkol, T., Molecular recognition of naphthoquinone-containing compounds against
human DNA topoisomerase Ilo. ATPase domain: A molecular modeling study. Journal of
Molecular Liquids 2017, 247 (Supplement C), 374-385.

34, Kaplan, M.; Narasimhan, S.; de Heus, C.; Mance, D.; van Doorn, S.; Houben, K.;
Popov-Celeketic, D.; Damman, R.; Katrukha, E. A.; Jain, P.; Geerts, W. J. C.; Heck, A. J. R.;
Folkers, G. E.; Kapitein, L. C.; Lemeer, S.; van Bergen En Henegouwen, P. M. P.; Baldus, M.,
EGFR Dynamics Change during Activation in Native Membranes as Revealed by NMR. Cell
2016, 167 (5), 1241-1251 el 1.

35. Stamos, J.; Sliwkowski, M. X.; Eigenbrot, C., Structure of the epidermal growth factor
receptor kinase domain alone and in complex with a 4-anilinoquinazoline inhibitor. J Biol
Chem 2002, 277 (48), 46265-72.

36. Yun, C. H.; Boggon, T. J.; Li, Y.; Woo, M. S.; Greulich, H.; Meyerson, M.; Eck, M. J.,
Structures of lung cancer-derived EGFR mutants and inhibitor complexes: mechanism of
activation and insights into differential inhibitor sensitivity. Cancer Cell 2007, 11 (3),217-27.
37. Balius, T. E.; Rizzo, R. C., Quantitative prediction of fold resistance for inhibitors of
EGFR. Biochemistry 2009, 48 (35), 8435-48.

38. Bello, M., Binding mechanism of kinase inhibitors to EGFR and T790M, L.858R and
L858R/T790M mutants through structural and energetic analysis. Int J Biol Macromol 2018,
118 (Pt B), 1948-62.

39, Schwartz, P. A.; Kuzmic, P.; Solowiej, J.; Bergqvist, S.; Bolanos, B.; Almaden, C.;
Nagata, A.; Ryan, K.; Feng, J.; Dalvie, D.; Kath, J. C.; Xu, M.; Wani, R.; Murray, B. W.,
Covalent EGFR inhibitor analysis reveals importance of reversible interactions to potency and
mechanisms of drug resistance. Proc Natl Acad Sci US A 2014, 111 (1), 173-8.

40. Smith, S.; Keul, M.; Engel, J.; Basu, D.; Eppmann, S.; Rauh, D., Characterization of
Covalent-Reversible EGFR Inhibitors. ACS Omega 2017, 2 (4), 1563-1575.

22



	หน้าปก
	กิตติกรรมประกาศ
	บทคัดย่อ (ภาษาไทย)
	สารบัญ
	บทนำ
	เนื้องเรื่อง อภิปราย / วิจารณ์ผลการทดลอง
	สรุปผลการวิจัย
	ภาคผนวก
	ประวัตินักวิจัย



